An empirical modeling technique was developed for depicting quantitatively the transport and partitioning of photosynthetically fixed C and symbiotically fixed N during 10-day intervals of a 40-day period in the growth of nodulated plants of white lupin (Lupinus albus L. cv. Ultra). Model construction utilized data for C and N consumption of plant parts and C:N weight ratios of the xylem and phloem fluids serving specific plant organs. Formulas were derived from calculating the net transport of C and N between plant parts in xylem and phloem. The models provided quantitative information on the dependence of growing organs on xylem and phloem for their supply of C and N, the cycling of N through leaflets and of C through nodules, the extent of direct incorporation of fixed N into growing nodules, and the involvement of N from shoot translocate in the nutrition of the nodulated root. Stem plus petioles abstracted considerably more N from xylem than expected from their transpirational activity. Xylem to phloem transfer of recently fixed N in mature stem and petioles was substantiated by the models, being depicted as a device for dispensing N to growing parts of the shoot extra to that attracted transpirationally in xylem or received as translocate from leaflets.
Exchanges of C-and N-containing solutes between organs constitute a vital element in the growth and functioning of plants.
These processes are especially important in legumes in the traffic of assimilates between shoot and nodulated root (6) , in the functioning of N-fixing nodules (1) , and in the mobilization of assimilates to developing fruits and seeds (11) . This paper extends recent investigations of the C and N economy of nodulated grain legumes (2, 8) by defining quantitatively the roles played by xylem and phloem transport and xylem to phloem transfer in the cycling and exchange of C and N during growth. White lupin is studied, a species in which transport fluids can be readily collected from xylem and phloem (12, 13 Figure IA . Levels of C and N in dry matter of plant parts were determined as described previously (8) . bleeding sap (xylem exudate) was obtained from the root stumps of decapitated plants, phloem exudate from shallow incisions in fruit stalks, stems, or petioles at the sites shown in Figure IA . Sap collections were made during daylight from a sample of 12 to 16 plants using the techniques described earlier (12) . Analyses of sap for major organic solutes (sugars, amides, amino acids, and organic acids) were as detailed elsewhere (9, 12, 13) . C:N weight ratios of transport fluids were determined from these analyses.
Respiration Measurement. CO2 efflux ofthe enclosed nodulated root systems of 12 plants was monitored continuously using Pettenkoffer assemblies (2) . Estimates of the separate contributions of nodules and root to this efflux were made on the basis of organ mass and specific activity of respiration when freshly detached from the plant (8) . Ambient CO2 levels around the enclosed roots ranged from 0.1 to 1.0%/ CO2 (V/V).
Losses of CO2 from shoots of intact plants at night were estimated as detailed elsewhere (2, 8 Day-night fluctuations in C:N ratios of phloem sap samples were usually within ± 15% of the daily average C:N ratio for a specific collection site (16) . Daytime collections of phloem sap (Fig. 1B) were regarded to be adequately representative of the situation in the various translocation streams at a particular interval of growth.
Variations in C:N ratio in phloem sap with plant age and collection site on a plant were due largely to changes in the ratio of sucrose to the amides, asparagine and glutamine (unpublished data Respiration of root plus nodules accounted for from 34 to 45% of the C consumption of plants during the study period, night respiration of the shoot from 8 to 15%. Below ground parts respired on the average 2.6 units C for every unit of C incorporated into dry matter. The economy of C in shoot and root closely resembled that recently described for another cultivar of L. albus (8) .
MODELING THE FLOW AND UTILIZATION OF C AND N DURING GROWTH
Empirical models depicting the fate of photosynthetically fixed C and symbiotically fixed N were constructed for each 10-day interval of the study period. Each model was fitted around data for N and C increments in dry matter (Fig. 2, A and B) , respiratory losses of C from plant parts ( Fig. 2A ) and the C:N weight ratios of transport fluids (Fig. IB) .
The following assumptions were made: 1. The only organs making net gains of C from the atmosphere during the daytime were leaflets more than 60% expanded and fruits over 1 week old (11) . Stem and petioles and young apical regions of the shoot maintained their tissues at or close to CO2 compensation point during daytime (8) and were pictured as relying on mature leaflets to implement gains of C in dry matter and to support respiration at night.
2. The measured value for night respiration loss of CO2 by the shoot during a growth interval (Fig. 2B ) was allocated to shoot parts on the assumption that C loss/g dry matter (maintenance component of respiration) of a plant part was 1.8 times its C loss in the synthesis of a gram of dry matter (growth component of respiration) (14, 15) .
3. Transport exchanges took place by mass flow in xylem or phloem and organic solutes from these channels were equally accessible to implement dry matter gain or respiration in recipient plant parts.
4. Xylem deliveries took place at the C:N ratio of root xylem sap, phloem exchanges at the C:N ratio of phloem sap from the most relevant (nearest) sampling point on the plant.
Construction of models involved partitioning of the plant's net intake of fixed C and N in proportion to utilization of C and N by specific plant organs. The C:N weight ratios of the appropriate transport channels were used to calculate the mixture of xylem and phloem streams which met precisely the amounts of C and N transported between specific points of the system. The following formulas were used for deriving net transport of C and N between a plant part (A) and the remainder of the plant (B):
Net C transport in phloem from B to A (Cp) Where (C/N). and (C/N)p denoted the C:N weight ratios of xylem and phloem transport channels respectively, AC and AN the C and N increments in dry matter, CReS A the net respiratory loss of C from A, FFiX A the net photoperiod gain of C by A (applied only to mature leaflets and fruits), NFiX A the direct N gain through N2 fixation (relevant only to root nodules).
Values of positive sign denoted net import by A (e.g. xylem transport to leaflets, phloem transport to nodules, xylem and phloem transport to vegetative shoot apices and fruits); negative values denoted net export from A (e.g. xylem transport from nodules, phloem transport from leaflets).
THE MODELS AND THEIR PREDICTIONS
A simple form of model (examples shown in Fig. 3 ) was constructed to outline the transport pathways (A-G, Fig. 3 ) serving plant parts and to permit comparisons between the C:N weight ratios (numbers not in boxes) of the transport fluids serving an organ and the ratio of C to N utilization by that organ in its growth (numbers in boxes).
This form of presentation highlighted the role of xylem to phloem transfer in stems in enriching the sugar-rich translocate streams from leaves with N. It also contrasted the high N requirement of fruit and vegetative apices with the relatively low requirement of the stem axis and roots for N.
Appreciation of the full quantitative implications of the C and N exchanges during a growth interval required construction of a more detailed form of flow model (e.g. Fig. 4 ). Lines of varying thickness were used to visualize the proportions of the plant's net intake of C and N committed to specific transport pathways, and numerical presentations were included of the amounts of C lost in respiration and of C and N involved in transport or bound into dry matter. Features relevant to the nutrition of specific organs were indicated (see annotations to Fig. 4 , and Table I ), these including the heavy involvement of xylem transport in the supply of N to fruits and shoot apices (items 1 and 2 of Table I ; Fig. 4) , the significant cycling of C through nodules (item 3) and of N through leaves (item 7), the importance of N cycled through the shoot in the nutrition of nodules (item 4), and the role of xylem to phloem transfer in stems in the supply of N to growing parts of the shoot and root (items 5, 6, and 8).
A series of interrelated transport activities relating to N (A to G of Fig. 3 ) was recognized and quantified using the modeling technique. Comments relating to each were as follows:
A. Direct Incorporation of Fixed N into Tissues of Nodule. Nodule growth consumed 15% of the N fixed over the study period, 49% of this N resulting from the retention of fixation products by the nodule, the remainder (51%) ( Table I) intervals of the study period from 24 to 37% of the fixed N was transferred from xylem to phloem of leaflets, from 7 to 19% in the case of N transfer in stem plus petioles. D. Cycling of N through Leaflets and Shoot Axis via Phloem. Some N delivered transpirationally to these organs was utilized for dry matter gains in growth, but most was depicted as being transferred to phloem and translocated upward to fruits and shoot apices or downward to the nodulated root (see allocations given in Fig. 4 and data of Table II ). The N cycled through leaflets was translocated principally downward (average 65% for the 40-to 80-day period), in proportion to the sink capacity of the nodulated root over this period for photosynthate. Xylem to phloem transfer in the shoot axis fed N in approximately equal amounts to the downward and upward phloem streams (Table II) .
E. Transport to Nodules and Roots of N Translocated from Shoots via Phloem. The amounts of N carried in shoot translocate to root and nodules were estimated from the utilization by root and nodules of photosynthetically fixed C and the current C:N ratio of stem base phloem sap. Roots (E1) were at all times heavily dependent on this form of N, obtaining, for example, 66% of their N intake as shoot translocate over the period 40 to 50 days, 93% over 60 to 70 days. In the other two intervals of the study period shoot translocate provided the roots with a considerable excess of N (see item G).
As shown in Table I from 36 to 61% (average 51%) of the nodule's intake of N for growth came from shoot translocate.
F. Abstraction from Xylem of Fixation Products by Proximal Parts of Root. This was envisaged to occur at times (see E above) when phloem translocate from the shoot failed to provide sufficient N for root growth. The amounts abstracted involved 7.5% of the fixed N for the period 40 to 50 days, 1.4% of the fixed N during 60 to 70 days (Fig. 4) . This N was depicted as being transferred to distal root parts via phloem.
G. Cycling of N through Roots. This activity, involving return to the shoot via xylem of N translocated to roots in phloem was suggested to occur at those times (cited under E) when shoot translocate provided the root with N excess to that incorporated into root dry matter. The models indicated that 46% of the N translocated from shoot to root was cycled back to the shoot via the xylem during the interval 50 to 60 days and 26% during 70 to vegetative apices received 73% of their N and 14% of their C through the xylem; (2): fruits received 38% of their N and 6% of their C through the xylem; (3): 34% of the C supplied to the nodule returned to the shoot attached to fixation products; (4): 48% of the N incorporated into growing nodules was supplied from the shoot in the phloem; (5): xylem to phloem transfer in the stem provided vegetative apices with 60%o of the N they received through phloem; (6) : xylem to phloem transfer in the stem provided fruits with 70%o of the N they received through phloem; (7): 68% of the N received by leaves in the xylem was transferred to phloem and exported from leaves with photosynthate; (8): xylem to phloem transfer in the stem provided the nodulated root with 23% of the N it received through phloem. See Table I for data for items 1 to 8 for the complete study period. 80 days. The actual amounts of N involved were relatively small, namely 15 .5% of the total N fixed during the period 50 to 60 days, 7.1% during 70 to 80 days.
PRECISION OF MODELS
Average standard deviations for the quantities used for model construction for the study period 40 to 70 days were: ACA and CFiX A ± 12%; CRes A ± 14%; ANA and NFiA A±14%; (C/N)p ±16%; (C/N)1 +0.4%.
The low variability for (C/N). was due to asparagine and glutamine being the only major components of xylem carrying C and N.
When applying these variation limits to assess the precision of the models, recognition was made of the strong positive correlations between AC and AN and between CFi A and CR A. Thus, the quantity ACA . ANA carried an average standard deviation of only ±2%, versus ±26% if varying independently of one another, the quantity CFi, A + CReA a deviation of ±6%, compared with ±26% if the components varied independently. Similarly, the value for (C/N)p for one site on a plant was positively correlated with values for (C/N)p at other sites on the plant. For example, the standard deviation for [(C/N)stem tip phloem sap -(C/ N)petjoie phloem sap was + 18%, versus ±59% expected from independent variation of these quantities.
Applied to the 60-to 70-day model, the eight predictions (1) (2) (3) (4) (5) (6) (7) (8) in Table I and in Figure 5 were estimated to carry the following standard deviations: items 1 and 2, ±l00o; 3, +7%; 4, +23%; 5, +18%; 6, ±14%; 7, ±8%; 8, ±41%.
DISCUSSION
The white lupin, with its capacity to bleed liquids from xylem and phloem, proved to be a most valuable experimental system for investigating the relationships between transport and organ functioning in a nodulated legume. The empirical models, presented here for partitioning and utilization of C and N in the species, described quantitatively exchanges between plant parts in xylem and phloem and formulated the nutritional interactions of plant organs within the context of assimilation and growth of the whole symbiotic system. Much of the information obtained reinforced quantitatively what had been previously outlined of the legume's transport arrangements through isotope labeling studies (4, 7, 8) .
A major feature of the models concerned the relationships between mature parts of the shoot and the growing parts which they provided with translocate. The leaflets and shoot axis of white lupin acquired substantially more N from roots through the xylem than they consumed in growth. The exportable surplus of N from leaflets flowed mainly downward with sugar to roots Plant Physiol. Vol. 63, 1979 supplied by the root during a 10-day growth interval).
whereas the N abstracted from the xylem by the stem and petioles was donated in approximately equal amounts to upward and downward moving phloem streams. Mixing of these N-rich streams of stem-derived translocate with the corresponding sugarrich translocate from leaflets led to sinks of the shoot receiving translocate considerably richer in N relative to C than in the case of the translocate supplied to root and nodules. Lateral abstraction of N by the stem was thus depicted as a means for providing fruits and other growing parts with a phloem supply of N additional to that resulting from intake of photosynthate from leaves. Such a device may have special significance in nutrition of the proteinrich fruits of white lupin, especially since transpirational attraction of N by the fruit is small relative to the fruit's total demand for N (11) . Substantial uptake of N from xylem into mature stems has been reported for a variety of species (e.g. tomato [17] , apple [3] , and garden pea [10] ), so xylem to phloem transfer of N may be of wide significance in the partitioning of N in plants.
The nutritional dependence of root and nodules of white lupin on N delivered from the shoot as translocate was clearly demonstrated in the models. Roots received on average an amount of N via phloem surplus to their growth requirement, and, although this surplus was depicted as cycling back to the shoot via the xylem, it was possible that it was excreted to the rooting medium. Nodules received less than half of their N requirement from the shoot as phloem translocate, the remainder from direct incorporation of fixed N by nodule tissues. This last feature was suspected in earlier '5N-labeling studies on white lupin (5) and garden pea (4).
A further major finding from the modeling exercise related to the nutrition of fruits and apical regions of shoots. These parts were visualized as receiving some N as phloem translocate from leaflets, some from the shoot axis following xylem to phloem exchange, and the remainder from root nodules directly via the xylem. It would be valuable to determine how the contributions made by these three N sources change during plant growth, and the extent to which each source might be affected by environmental stresses which impair symbiotic functioning.
